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The KN system at threshold is a sensitive testing ground for low energy QCD, especially for the explicit
chiral symmetry breaking. Therefore, we have measured the K -series X-rays of kaonic hydrogen atoms at
the DANE electron–positron collider of Laboratori Nazionali di Frascati, and have determined the most
precise values of the strong-interaction energy-level shift and width of the 1s atomic state. As X-ray
detectors, we used large-area silicon drift detectors having excellent energy and timing resolution, which
were developed especially for the SIDDHARTA experiment. The shift and width were determined to be
1s = −283 ± 36(stat) ± 6(syst) eV and Γ1s = 541 ± 89(stat) ± 22(syst) eV, respectively. The new values
will provide vital constraints on the theoretical description of the low-energy KN interaction.
© 2011 Elsevier B.V. Open access under CC BY license.1. Introduction
Low energy phenomena in strong interactions are described
by effective ﬁeld theories which contain appropriate degrees of
freedom to describe physical phenomena occurring at the nucleon-
meson scale. Chiral perturbation theory was extremely successful
in describing systems like pionic atoms, however it is not directly
applicable for the kaonic systems. This is due to the presence of
resonances like the Λ(1405), only slightly below the K−p reaction
threshold of 1432 MeV. Instead, non-perturbative coupled-channel
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0370-2693 © 2011 Elsevier B.V. Open access under CC BY license.techniques are used. These calculations generate the Λ(1405) dy-
namically as a KN quasibound state and as a resonance in the πΣ
channel. A general feature of the theory in this ﬁeld is that it relies
heavily on input from experimental data.
The measurement of the strong-interaction induced energy-
level shift and width of the kaonic-hydrogen 1s atomic state pro-
vides direct information on the KN s-wave interaction at K−p
threshold. Kaonic-hydrogen X-ray data are therefore important for
theories of the KN system, together with the experimental data of
low-energy K−p scattering, πΣ mass spectra, and K−p thresh-
old decay ratios. These studies allow the investigation of chiral
SU(3) dynamics in low-energy QCD and the role of explicit chi-
ral symmetry-breaking due to the relatively large strange quark
mass. These data are also strongly related to recent hot topics –
the structure of the Λ(1405) resonance (e.g., [1–3]) and the deeply
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summarized in [8].
The shift and width are deduced from the spectroscopy of
the K -series kaonic-hydrogen X-rays. The ﬁrst distinct peaks of
the kaonic-hydrogen X-rays were observed by the KEK-PS E228
group [9] following the absorption of a stopped K− within
a gaseous hydrogen target using Si(Li) detectors. The observed re-
pulsive shift was consistent with the analysis of the low energy
KN scattering data, resolving the long-standing sign discrepancy
generated by old experiments [10–12].
The most recent values were reported by the DEAR experi-
ment [13], in which the errors were reduced by a factor of 2 when
compared with those of E228 [9].
Using the results obtained by DEAR, theoretical studies have
been performed with possible higher order contributions using
several models [14–24]. However, the question still remains that
most of them had diﬃculties in explaining all the experimental re-
sults in a consistent way. See also [25,26].
Here we report on results based on the X-ray detection tech-
nique recently developed by the SIDDHARTA (Silicon Drift Detector
for Hadronic Atom Research by Timing Application) collaboration,
using the microsecond timing and excellent energy resolution of
large area silicon drift detectors (SDDs) [27]. This technique re-
duced the large X-ray background coming from beam losses and
improved the signal-to-background ratio by more than a factor
of 10 with respect to the corresponding DEAR ratio of about 1/100.
2. Experiment
The SIDDHARTA experiment was performed at the DANE
electron–positron collider at the Laboratori Nazionali di Frascati of
INFN. The φ-resonances produced decay into back-to-back K+K−
pairs emitted with a branching ratio of about 49%. The monochro-
matic low-energy kaons (∼ 16 MeV of kinetic energy) are stopped
eﬃciently in a gaseous target to produce kaonic hydrogen atoms.
It is essential to use a gaseous target for the measurements since
the X-ray yields quickly decrease towards higher density due to
the Stark mixing effect. Therefore, a cryogenic gaseous hydrogen
target was used at typical values of a pressure 0.1 MPa and a tem-
perature 23 K, resulting in a density of 1.3 × 10−3 g/cm3 of the
isotopically pure hydrogen.
Fig. 1 shows the SIDDHARTA setup. To detect the back-to-
back correlated K+K− pairs from φ decay, two plastic scintillation
counters (1.5 mm thick), called the kaon detector, were mounted
above and below the e+e− interaction point where the φ reso-
nance is produced. A kaon trigger was deﬁned by the coincidence
of the two scintillators. Minimum ionizing particles (MIPs) coming
from beam losses were highly suppressed by setting a high pulse-
height threshold in the kaon detector – the slow kaons deposit
much more energy in the scintillators than the faster MIPs.
To obtain a uniform distribution of K− momenta entering the
gaseous target, a shaped degrader made of mylar foils with a thick-
ness ranging from 100 to 800 μm was placed as shown in Fig. 1,
to correct for a slight momentum boost of the φ resulting from
the 55 mrad e+e− crossing angle.
The cylindrical target cell, 13.7 cm in diameter and 15.5 cm
high, was located just above the degrader inside the vacuum cham-
ber. The lateral wall and the bottom window were made of Kapton
Polyimide ﬁlm of 75 μm and 50 μm thickness.
The SDDs, used to detect the kaonic-atom X-rays, were devel-
oped within a European research project devoted to this experi-
ment [27]. Each of the 144 SDDs used in the apparatus has an
area of 1 cm2 and a thickness of 450 μm. The SDDs, operated at
a temperature of ∼ 170 K, had an energy resolution of 183 eV
(FWHM) at 8 keV (a factor of 2 better than Si(Li) detectors usedFig. 1. A schematic side view of the SIDDHARTA setup installed at the e+e− inter-
action point of DANE.
in E228 [9]) and timing resolution below 1 μsec in contrast to the
CCD detectors used in DEAR [28] which had no timing capability.
Using the coincidence between K+K− pairs and X-rays measured
by SDDs, the main source of background coming from beam losses
was highly suppressed.
To test our experimental technique and optimize the degrader
thickness, we repeatedly changed the target ﬁlling to helium gas
and measured the L-transitions of kaonic 4He. Due to the high
yield of this kaonic atom X-ray transition, one day of measurement
was suﬃcient for each check.
The physics results of the strong-interaction 2p-level shifts of
kaonic 3He and kaonic 4He atoms are available in our recent pub-
lications [29,30].
In addition, we have performed the ﬁrst-ever exploratory mea-
surement of kaonic-deuterium K -series X-rays with the same ex-
perimental setup. In the kaonic-hydrogen analysis, it turned out
to be essential to use the kaonic-deuterium spectrum to quantify
the kaonic background X-ray lines – originating from kaons cap-
tured in heavier elements such as carbon, nitrogen and oxygen
contained in organic construction materials – which overlap the
kaonic-hydrogen signal.
Data were accumulated over six months in 2009 with in-
tegrated luminosities of ∼ 340 pb−1 for the hydrogen and ∼
100 pb−1 for the deuterium measurement.
3. Data analysis
The data acquisition system records the signal amplitudes seen
by the 144 detectors along with the global time information.
Whenever a kaon trigger occurred, the time difference between
the X-ray and kaon was recorded as well as the time correlations
between the signals on each of the scintillators and the DANE
bunch frequency. From these data, the time-of-ﬂight information
of the kaon detector, the position of the hit detector and rates of
the SDDs, rate of kaon production, etc., could be extracted in the
off-line analysis.
The timing distribution of the coincidence signals in the kaon
detector with respect to the RF signal from DANE shows clearly
that kaon events can be separated from MIPs by setting a time
gate as indicated by arrows in Fig. 2.
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tector with respect to the RF signal of ∼ 368.7 MHz from DANE.
Fig. 3. Time difference spectrum between kaon arrival and X-ray detection for K−
triggered events of hydrogen data, where a time-walk correction was applied.
The time difference between kaon arrival and X-ray detection
for hydrogen data is shown in Fig. 3. The peak represents correla-
tion between X-rays and kaons, while the ﬂat underlying structure
is from uncorrelated accidental background. A typical width of the
time-correlation, after a time-walk correction, was about 800 ns
(FWHM) which reﬂected the drift-time distribution of the electrons
in the SDD.
In order to sum up the individual SDDs, the energy calibration
of each single SDD was performed by periodic measurements of
ﬂuorescence X-ray lines from titanium and copper foils, excited by
an X-ray tube, with the e+e− beams in kaon production mode.
A remote-controlled system moved the kaon detector out and the
X-ray tube in for these calibration measurements, once every ∼ 4
hours.
The reﬁned in-situ calibration in gain (energy) and resolution
(response shape) of the summed spectrum of all SDDs was ob-
tained using titanium, copper, and gold ﬂuorescence lines excited
by the uncorrelated background without trigger (see [29,30] for
more details), and also using the kaonic carbon lines from wall
stops in the triggered mode.
Fig. 4 shows the ﬁnal kaonic hydrogen and deuterium X-ray
energy spectra. K -series X-rays of kaonic hydrogen were clearly
observed while those for kaonic deuterium were not visible. This
appears to be consistent with the theoretical expectation of lower
X-ray yield and greater transition width for deuterium (e.g., [31]).
The vertical dot-dashed line in Fig. 4 indicates the X-ray energy
of kaonic-hydrogen Kα calculated using only the electro-magnetic
interaction (EM). Comparing the kaonic-hydrogen Kα peak and the
EM value, a repulsive shift (negative 1s) of the kaonic-hydrogen
1s-energy level is easily seen.
Many other lines from kaonic-atom X-rays and characteristic
X-rays were detected in both spectra as indicated with arrows
in the ﬁgure. These kaonic-atom lines result from high-n X-ray
transitions of kaons stopped in the target-cell wall made of KaptonFig. 4. A global simultaneous ﬁt result of the X-ray energy spectra of hydrogen
and deuterium data. (a) Residuals of the measured kaonic-hydrogen X-ray spectrum
after subtraction of the ﬁtted background, clearly displaying the kaonic-hydrogen
K -series transitions. The ﬁt components of the K−p transitions are also shown,
where the sum of the function is drawn for the higher transitions (greater than Kβ).
(b), (c) Measured energy spectra with the ﬁt lines. Fit components of the back-
ground X-ray lines and a continuous background are also shown. The dot-dashed
vertical line indicates the EM value of the kaonic-hydrogen Kα energy. (Note that
the ﬂuorescence Kα line consists of Kα1 and Kα2 lines, both of which are shown.)
(C22H10O5N2) and its support frames made of aluminium. There
are also characteristic X-rays from titanium and copper foils in-
stalled for X-ray energy calibration.
We performed a global simultaneous ﬁt of the hydrogen and
deuterium spectra. The intensities of the three background X-
ray lines overlapping with the kaonic-hydrogen signals (kaonic
oxygen 7–6, kaonic nitrogen 6–5, and copper Kα) were deter-
mined using both spectra and a normalization factor deﬁned by
the ratio of the high-statistics kaonic-carbon 5–4 peak in the
K−p and K−d spectra. Fig. 4 (b) and (c) show the ﬁt result
with the components of the background X-ray lines and a con-
tinuous background; (a) shows the residuals of the measured
kaonic-hydrogen X-ray spectrum after subtraction of the ﬁtted
background, clearly displaying the kaonic-hydrogen K -series tran-
sitions.
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tain a slight deviation from a pure Gaussian shape, which could
inﬂuence the determination of the strong-interaction width of the
kaonic-hydrogen X-ray lines. The deviation from the pure Gaussian
response was treated in two different ways to test systematic ef-
fects.
The ﬁrst analysis used satellite peaks on the left and right
ﬂanks. The left ﬂank is generally found in silicon detectors and
is deﬁned as a function having a feature decreasing exponentially
in intensity towards lower energy [32]. The right ﬂank could be in-
terpreted as an effect of pile-up events and was deﬁned as a Gaus-
sian [33].
In the second analysis, the correction of the “ideal” response
was done by convoluting the Gauss function with a Lorentzian
(producing symmetric tails) and additionally with an exponential
low energy tail.
In both analyses, the kaonic-hydrogen lines were represented
by Lorentz functions convoluted with the detector response func-
tion, where the Lorentz width corresponds to the strong-interac-
tion broadening of the 1s state. The continuous background was
represented by a quadratic polynomial function.
The region of interest of K−d X-rays is illustrated in Fig. 4 (c).
With the realistic assumption of one order of magnitude lower in-
tensities than that of kaonic hydrogen [31] and predicted values
of shift ((−0.3)–(−1.0) keV) and width (∼ 1 keV) [34–36], the in-
ﬂuence of a possible kaonic-deuterium component on the kaonic-
hydrogen shift and width values was found to be negligible.
In the kaonic-hydrogen spectrum, the higher transitions to
the 1s level, Kγ and above, produce an important contribution
to the total intensity. The relative intensities of these lines, how-
ever, are only poorly known from cascade calculations and the
free ﬁt cannot accurately distinguish between them, since their
relative energy differences are smaller than their width, as seen
in Fig. 4. As a result, ﬁtting all the transitions at once, leads to
large errors on the shift and width of the 1s level. To minimize
the inﬂuence of the higher transitions, we adopted the follow-
ing iterative ﬁtting procedure. In a ﬁrst step, we performed a
free ﬁt of all the transitions, with the energy differences between
the kaonic-hydrogen lines ﬁxed by their EM differences, since the
shifts and the widths of the levels higher than 1s are negligible.
In a second step, we ﬁxed the energies and widths of the higher
transitions to the values found in the ﬁrst step, and ﬁtted leav-
ing free all intensities and the common shift and width for Kα
and Kβ , which are well resolved transitions. With the new val-
ues for shift and width we repeated the described procedure until
the values for the shift and width converged, meaning that all K -
lines had the same values for their shift and width, as it should
be.
We performed two independent analyses, where the event se-
lection, the calibration method, the ﬁt range and the detector-
response function (as described above) were chosen differently.
The comparison of the shift and width values gives a direct mea-
surement of the systematic error from the use of differing proce-
dures. The resulting shift values were consistent with each other
within 1 eV, however the width differed by ∼ 40 eV which comes
mainly from the use of different detector-response functions. For
shift and width we quote here the mean value of the two analyses
and take into account the difference as one of the sources of the
systematic error.
As a result, the 1s-level shift 1s and width Γ1s of kaonic hy-
drogen were determined to be
1s = −283± 36(stat)± 6(syst) eV
and Γ1s = 541± 89(stat)± 22(syst) eV,Fig. 5. Comparison of experimental results for the strong-interaction 1s-energy-level
shift and width of kaonic hydrogen, KEK-PS E228 [9] and DEAR [13]. The error bars
correspond to quadratically added statistical and systematic errors.
respectively, where the ﬁrst error is statistical and the second is
systematic. The quoted systematic error is a quadratic summa-
tion of the contributions from the ambiguities due to the SDD
gain shift, the SDD response function, the ADC linearity, the low-
energy tail of the kaonic-hydrogen higher transitions, the energy
resolution, and the procedural dependence shown by independent
analysis.
If we could ﬁx the intensity pattern of all transitions, which
would be possible if more accurate cascade calculations existed,
the statistical error would be better than ±25 eV for shift and
±55 eV for width.
4. Conclusion
In conclusion, we have performed the most precise measure-
ment of the K -series X-rays of kaonic hydrogen atoms. This was
made possible by the use of new triggerable X-ray detectors, SDDs,
developed in the framework of the SIDDHARTA project, which lead
to a much improved energy and time resolution over the past ex-
periments [9,13] and much lower background in comparison with
the DEAR experiment.
The strong-interaction 1s-energy level shift and width of kaonic
hydrogen are plotted in Fig. 5 along with the results of the previ-
ous two measurements, E228 [9] and DEAR [13].
Our determination of the shift and width does provide new
constraints on theories, having reached a quality which will de-
mand reﬁned calculations of the low-energy KN interaction.
For further study of the KN interaction, it is essential to
measure the kaonic-deuterium K -series X-rays to disentangle the
isoscalar and isovector scattering lengths. The present result com-
bined with deuterium data to be collected in the SIDDHARTA-2
experiment [37] will provide invaluable knowledge about the be-
havior of low-energy QCD in the strangeness sector.
Acknowledgements
We thank C. Capoccia, B. Dulach, and D. Tagnani from LNF-
INFN; and H. Schneider, L. Stohwasser, and D. Stückler from Stefan-
Meyer-Institut, for their fundamental contribution in designing and
building the SIDDHARTA setup. We thank as well the DANE
staff for the excellent working conditions and permanent support.
SIDDHARTA Collaboration / Physics Letters B 704 (2011) 113–117 117Part of this work was supported by HadronPhysics I3 FP6 Euro-
pean Community program, Contract No. RII3-CT-2004-506078; the
European Community-Research Infrastructure Integrating Activ-
ity “Study of Strongly Interacting Matter” (HadronPhysics2, Grant
Agreement No. 227431) under the Seventh Framework Programme
of EU; Austrian Federal Ministry of Science and Research BMBWK
650962/0001 VI/2/2009; Romanian National Authority for Scientiﬁc
Research, Contract No. 2-CeX 06-11-11/2006; and the Grant-in-Aid
for Specially Promoted Research (20002003), MEXT, Japan.
References
[1] D. Jido, et al., Nucl. Phys. A 725 (2003) 181.
[2] T. Hyodo, W. Weise, Phys. Rev. C 77 (2008) 035204.
[3] T. Hyodo, D. Jido, 2011, arXiv:1104.4474 [nucl-th].
[4] Y. Akaishi, T. Yamazaki, Phys. Rev. C 65 (2002) 044005;
T. Yamazaki, Y. Akaishi, Phys. Lett. B 535 (2002) 70;
T. Yamazaki, Y. Akaishi, Phys. Rev. C 76 (2007) 045201.
[5] M. Agnello, et al., Phys. Rev. Lett. 94 (2005) 212303.
[6] T. Suzuki, et al., Phys. Rev. C 76 (2007) 068202.
[7] T. Yamazaki, et al., Phys. Rev. Lett. 104 (2010) 132502.
[8] C. Curceanu, J. Zmeskal, Mini-Proceedings of ECT Workshop “Strangeness in
Nuclei”, 2011, arXiv:1104.1926 [nucl-ex], and references therein.
[9] M. Iwasaki, et al., Phys. Rev. Lett. 78 (1997) 3067;
T.M. Ito, et al., Phys. Rev. C 58 (1998) 2366.
[10] J.D. Davies, et al., Phys. Lett. B 83 (1979) 55.
[11] M. Izycki, et al., Z. Phys. A 297 (1980) 11.[12] P.M. Bird, et al., Nucl. Phys. A 404 (1983) 482.
[13] G. Beer, et al., DEAR Collaboration, Phys. Rev. Lett. 94 (2005) 212302.
[14] U.-G. Meißner, U. Raha, A. Rusetsky, Eur. Phys. J. C 35 (2004) 349.
[15] B. Borasoy, R. Nißler, W. Weise, Phys. Rev. Lett. 94 (2005) 213401;
Eur. Phys. J. A 25 (2005) 79.
[16] R. Nißler, PhD thesis, Univ. of Bonn, 2007;
B. Borasoy, U.-G. Meißner, R. Nißler, Phys. Rev. C 74 (2006) 055201.
[17] J.A. Oller, J. Prades, M. Verbeni, Phys. Rev. Lett. 95 (2005) 172502.
[18] J.A. Oller, Eur. Phys. J. A 28 (2006) 63.
[19] B. Borasoy, R. Nißler, W. Weise, Phys. Rev. Lett. 96 (2006) 199201.
[20] J.A. Oller, J. Prades, M. Verbeni, Phys. Rev. Lett. 96 (2006) 199202.
[21] J. Révai, N.V. Shevchenko, Phys. Rev. C. 79 (2009) 035202.
[22] A. Cieplý, J. Smejkal, Eur. Phys. J. A 34 (2007) 237.
[23] N.V. Shevchenko, J. Révai, Few-Body Systems 44 (2008) 187.
[24] E. Oset, A. Ramos, Nucl. Phys. A 635 (1998) 99.
[25] W. Weise, Nucl. Phys. A 835 (2010) 51.
[26] J. Zmeskal, Prog. Part. Nucl. Phys. 61 (2008) 512.
[27] M. Bazzi, et al., Nucl. Instrum. Methods Phys. Res. A 628 (2011) 264.
[28] T. Ishiwatari, et al., Nucl. Instrum. Methods Phys. Res. A 556 (2006) 509.
[29] M. Bazzi, et al., SIDDHARTA Collaboration, Phys. Lett. B 697 (2011) 199.
[30] M. Bazzi, et al., SIDDHARTA Collaboration, Phys. Lett. B 681 (2009) 310.
[31] T. Koike, T. Harada, Y. Akaishi, Phys. Rev. C 53 (1996) 79.
[32] J.L. Campbell, L. McDonald, T. Hopman, T. Papp, X-ray Spectrom. 30 (2001) 230.
[33] S. Okada, et al., Phys. Lett. B 653 (2007) 387.
[34] R.C. Barrett, A. Deloff, Phys. Rev. C 60 (1999) 025201.
[35] S. Wycech, arXiv:nucl-th/0408066, 2004.
[36] U.-G. Meißner, U. Raha, A. Rusetsky, Eur. Phys. J. C 47 (2006) 473.
[37] SIDDHARTA-2 Collaboration, Proposal of Laboratori Nazionali di Frascati of
INFN, The upgrade of the SIDDHARTA apparatus for an enriched scientiﬁc case,
2010.
